ABSTRACT: Vertical distribution patterns of Heterocapsa triquetra, Mesodinium rubrum, Aphanizomenon sp., Anabaena lemmermannii, Monoraphidium contortum and chlorophyll a were analyzed in large-scale mesocosms extending throughout the euphotic layer and manipulated with low and high levels of mineral nutrient additions. Using an ordination method, quantitative comparisons of the variability in the vertical distribution due to species differences, to experimental treatments, and to inter-annual variation were made. The inter-specific variance component was largest. The significance of inter-specific differences was verified by a randomization test. There was also significant inter-annual variability in the species-specific vertical distribution patterns, but the inter-annual effect was less pronounced than the differences between species. Differences in the nutrient loads to the mesocosm did not have significant effects on species-specific vertical distribution patterns. The results demonstrate that the vertical segregation patterns of phytoplankton are species-specific and robust, not overly sensitive to changes in environmental conditions, but appear to be persistent biological phenomena. The implications of these findings to co-existence, competition, and diversity in the plankton are discussed.
INTRODUCTION
Much of the function and structure of natural phytoplankton communities fundamentally depends on interactions between light limitation and nutrient limitation. It is well known that the relative importance of light and nutrient limitation varies with depth. Commonly, the top of the water column is light-saturated, but phytoplankton growth is limited by low nutrient concentrations. The situation is the reverse with increasing depth. Assuming that each species has its own preferences for nutrients, light and temperature, the questions are: do these species exploit different parts of the vertical resource gradient and do they use vertical separation to inhabit and exploit vertical niches where species-specific requirements are met in the best possible way? If yes, then how consistent is the separation compared to inter-annual variability and changes in environmental conditions?
In natural environments, vertical niche separation can lead to co-existence of closely related species (Sommer 1982 , West & Scanlan 1999 and has thus relevance to competition and species richness. The ways in which species can become vertically separated vary widely (Heaney & Butterwick 1985) , and the populations are liable to re-dispersion by mixing. In a stratified water column, enhanced growth at optimal optical depth can lead to uneven phytoplankton distributions and induce the formation of intermediate maxima of abundance (Lindholm 1992 , Gasol et al. 1993 . Motility of planktonic micro-organisms, either by active swimming or by buoyancy regulation, provides cells with a powerful strategy to seek an optimal vertical position in the water column within the limits of physical and physiological constraints. Many species also take ad-vantage of diel light fluctuations to exploit resources from a wide depth range over the course of a day; this is known as diel vertical migration (DVM) (Eppley et al. 1968 , Blasco 1978 , Staker & Bruno 1980 , Heaney & Eppley 1981 . For autotrophic micro-organisms the adaptive significance of DVM could be summarized as the exploitation of high levels of irradiance near the surface during the day, where low concentrations of inorganic nutrients would normally limit growth, and nocturnal descent to a layer where readily available nutrients are utilized to fulfill metabolic requirements (Cullen 1985 , Jones 1991 . The net result is optimization of growth rate within the constraints of the environmental limitations and ecological strategy of the species. The potential range and success of DVM depends on the dispersion by mixing and the speciesspecific absolute swimming speed of the organisms (Throndsen 1973) , which is also related to their cell size (Sommer 1988a) . Dinoflagellates are generally considered relatively fast swimmers among phytoplankton (Throndsen 1973 , Kamykowski & McCollum 1986 , Kamykowski 1995 . Several cyanobacterial species are able to change their buoyancy by regulating the relative amount of gas vesicles and ballast carbohydrates within the cells (Klemer 1985 , Villareal & Carpenter 1990 , Oliver 1994 . One of the fastest swimmers among the primary producers is the phototrophic ciliate Mesodinium rubrum, which can swim up to 5 mm s -1 (Lindholm 1981) , on average an order of magnitude faster than dinoflagellates.
The aim of this study was to demonstrate in a formal, testable way that vertical segregation of phytoplankton is a persistent, robust and species-specific property. The null hypothesis was that any differences in the vertical distribution between species are random in nature and inconsistent. To test the hypothesis, highfrequency sampling of phytoplankton vertical profiles was carried out during a diel cycle in the summers of 1996 and 1998 in mesocosms receiving different nutrient loads. Specific objectives were to demonstrate how the vertical distribution of phytoplankton is affected by (1) motility, (2) differences in nutrient loads, and (3) inter-annual variability. As DVM is often induced by shortage of mineral nutrients in the upper euphotic layer (Heaney & Eppley 1981 , Klemer et al. 1982 , Cullen 1985 , we expected the vertical migration to be more pronounced in a low-nutrient environment. To give the plankton communities time to adapt to the new nutrient regimes, the vertical profiles were sampled at the end of the second week of the experiments. This study was conducted during 2 large-scale mesocosm experiments in the coastal Baltic Sea. These mesocosm experiments were designed within the COMWEB project, which focused on the response of microbial food-web components of the coastal pelagic community (phytoplankton, bacteria, protozoa, mesozooplankton) to increasing eutrophication.
METHODS
Experimental set-up. The mesocosm experiments were conducted between July 17 and August 7, 1996, and June 23 and July 13, 1998, in the outer archipelago zone near the Tvärminne Zoological station (University of Helsinki), on the south-western coast of Finland (Stn XII of Niemi 1975) . The experimental site has a depth of 20 to 36 m, is relatively sheltered, and is influenced by Baltic surface water (6 to 7 psu) during frequent upwelling events (Niemi 1975 , Haapala 1994 .
The physical set-up of the experiments was identical in both years. A natural water column was enclosed in 8 transparent enclosures and manipulated with mineral nutrients. Each plastic enclosure (double-layered polyethylene with glass-fiber thread reinforcement in between) had a total volume of 51 m 3 (diameter 2.3 m) and a total depth of 14 m. The enclosures were fastened to wooden platforms, which were moored in a circular manner ca 30 m away from a central buoy. The enclosures were loosely covered with polyethylene lids to allow air exchange but prevent contamination by sea birds.
During both experiments, mineral nutrients (ammonium chloride and potassium dihydrogen phosphate) were added daily between 09:00 and 10:00 h, starting from Day 2. An even distribution of these nutrients within the 0 to 12 m water column was achieved by lowering an open-ended hose to the mesocosm, filling it with the nutrient mixture (diluted into a fixed volume that filled the entire hose), and slowly lifting the hose to the surface with a circular motion. Within any given year, all the mesocosms received different nutrient loads; thus there was no true replication. Earlier similar experiments had showed that the variance in the abundance of individual phytoplankton species between replicate mesocosms was <10% (Olli et al. 1996) . In the control mesocosms (no nutrient additions), the cell concentrations of micro-phytoplankton species declined to negligible levels. Thus, during both years, 1 low-nutrient load (LN) enclosure and 1 high-nutrient load (HN) enclosure, with balanced added nutrient ratios (molar N:P = 16; concentrations given in Table 1) , were used for the vertical distribution study.
Sampling and sample analysis. Sampling was performed during a 24 h period with 4 h time intervals starting at 09:00 h on Expt Days 15 and 16 (1996) and 16 and 17 (1998) . By this time, clear differences in the phytoplankton community had developed between LN and HN enclosures. The water column from 0 to 12 m was sampled with a Sormunen type water sampler (a 7.5 l volume and 1 m-long tube sampler) with 1 m depth interval. The contents of each 2 subsequent samples were pooled, totaling 6 composite samples per profile, where each represented 2 m water-column depth.
Sub-samples for phytoplankton counts (100 ml) were fixed immediately with acid Lugol's solution and kept dark until counting. Aliquots of 25 or 50 ml were counted with a Leica DM IL inverted microscope with phasecontrast optics. The phytoplankton species selected for the study are listed in Table 2 ; species selection was based on their abundance (to facilitate easy counting) and their motility potential based on theoretical size considerations (Sommer 1988a) . Aphanizomenon sp. and Anabaena lemmermannii are common filamentous bloom-forming cyanobacteria in the Baltic Sea, capable of buoyancy regulation through gas-vesicle formation. Heterocapsa triquetra is a ubiquitously present dinoflagellate in coastal waters, often forming dense blooms. The coccoid chlorophyte Monoraphidium contortum was selected as a non-motile reference organism. Chlorophyll a (chl) was sampled as another reference parameter to reflect the vertical distribution of bulk phytoplankton. Sub-samples for chl (50 ml) were filtered onto Whatman (GF/F) glass-fiber filters and immediately soaked in 96% ethanol for 24 h at room temperature. Chl was analyzed with a spectrofluorometer (Shimadzu RF 5001) using excitation at 431 nm and emission at 671 nm with 5 nm bandwidths.
The spectrofluorometer was calibrated using chlorophyll a standard (Sigma) and an extinction coefficient of 83.4 l g -1 cm -1 at the red peak of 665 and 666 nm (Wintermans & de Mots 1965) .
Water-column stratification was assessed using CTD casts inside and outside the mesocosms. Daily irradiance was obtained from the Längden stationary weather station, 8 km south of the study site. Underwater light profiles were measured every 1 m from 1 to 10 m (Li-Cor submersible quatum meter equipped with a cosine collector). During the 1996 experiment, light profiles were measured every second day starting from Day 1 (outside the mesocosms, control with no nutrient additions and 2 nutrient load mesocosms). During the 1998 experiment, light profiles were measured on Expt Days 2 (outside and control) and 4 (outside, control and 3 nutrient load mesocosms). Malfunctioning of the underwater light sensor prevented further measurements during 1998. Samples for dissolved mineral nutrients (NO 2 -N+NO 3 -N, PO 4 -P, NH 4 -N) were taken daily from a pooled water sample representing the upper 0 to 6 m layer, and every second day representing the deeper 6 to 12 m layer, and analyzed according to the method of Grasshoff et al. (1983) . All nutrient samples were taken in the morning prior to the daily enrichments.
Data analysis. The depth profiles of the species and chl were analyzed by correspondence analysis (ADE-4; software and documentation: http://biomserv. univ-lyon1.fr). The data were arranged in a matrix with 6 columns corresponding to the 6 sampled depths, which were treated as variables. The rows represented the vertical abundance profiles of phytoplankton species (and chl) at different times. Ordination techniques are very efficient in concentrating the available multidimensional information into a few axes, which explain most of the variance. The data presented here resulted from row-weighted correspondence analysis. Row-weighting involves a linear scaling of the cell abundance in individual profiles so that the sum of cells in each profile will become equal. This eliminates the potential effects of several-fold differences in total abundance and leaves the shape of the profiles as the source of variance. A variety of other ordination techniques (several forms of principal component and correspondence analyses) were tried in parallel. The results appeared to be robust and not dependent on the method used. Correspondence analysis was favored because of the double multiplicative centering of the data table. It considers the departure of each data point from its expected value, i.e. the mean of all the (linearly scaled) species abundances at a given depth. Thus, the average effect of depth is eliminated and the present analysis focuses on the shape of individual vertical profiles relative to the mean of all profiles. The method has been used earlier to analyze the vertical 221 
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of phytoplankton in open water (Olli et al. 1998 , Olli 1999 . By correspondence analysis, the 6 discrete depths were reduced to 2 ordination axes, enabling a simultaneous visualization of each depth profile of the species in 2-dimensional space (the first 2 axes accounted for >80% of the information). The first ordination axis generally agreed well with the depth gradient, which makes the interpretation of the ordination results more clear. The individual vertical profiles are represented as points on an ordination plane and the relative locations of the points depend only on the shape of the profile. These points can be grouped according to species, sampling time, year, nutrient regime or a combination of these. Grouping of the profiles is based on the hypothesis that it explains a significant amount of the total variance in the data, i.e. that there is something in common among the profiles of the same group.
The hypotheses can be tested statistically by a randomization procedure. First, the between-group variance (i.e. between the centers of gravity of the groups) was calculated. This original variance was then compared against a set of simulated data, which involved random exchange of vertical profiles between the groups, and recalculation of the variance between the group centers of gravity. If the original between-group variance significantly exceeded the simulated variance (when at least 10 000 permutations were run), the difference between the original groups could be considered statistically significant. The group differences were considered significant when the proportion of simulations resulting in larger between-group variance than the original one (denoted here as p) was less than 0.05. It could be interpreted similar to the p-value of conventional statistical tests, but is not identical, as it is not based on theoretical probability distributions but on the outcome of simulation runs and is presented here as exact numbers. The randomization procedure provides a formal way to test the underlying hypothesis. Hence, it is possible to conclude with a certain amount of confidence that the vertical profiles of 1 species are, or are not, significantly different from those of another species, a conclusion that might be impossible to reach by visual inspection of the vertical profiles.
RESULTS

Physical conditions
During our experiment, the hourly means of midday irradiance (11:00 to 13:00 h) ranged from 800 to 900 µE m -2 s -1 (1996) and 800 to 1000 µE m -2 s -1 (1999). The average light attenuation coefficient inside the mesocosms was 0. ). Most of the variance was explained by light attenuation outside the mesocosms (Pearson correlation coefficient r = 0.89, p < 0.001, n = 34). Correlation between light attenuation and chl within the mesocosms was not significant (p > 0.4, n = 34). Light attenuation inside the mesocosms was on average 6.9% higher than that outside. The depth of the euphotic layer (defined as 1% of surface irradiance at noon time) was 9 m. This corresponds to about 9 µE m -2 s -1 at midday. The initial salinity stratification had almost disappeared by the end of the second week of the mesocosm experiment. The water-column stability within the enclosures arose mainly from temperature stratification, which, due to thermal conductivity through the enclosure walls, closely paralelled that outside the enclosures. In 1996, the surface temperature decreased from 15°C (13:00 h; Day 15) to 14°C (05:00 h; Day 16) during the 24 h period. At the thermocline (2 to 4 m) the temperature dropped from 14 to 12°C and decreased thereafter down to 9-10°C at 12 m depth ( Fig. 1 ). In 1998, CTD casts within the study enclosures were made on Expt Days 14 and 18. During this time period, the surface water temperature increased from 14.5 to 222 (Fig. 1 ). In 1998 there was no distinct thermocline; temperature decreased gradually from the surface to the bottom layer.
Nutrients
The initial mineral nutrient concentrations on Day 1, and 3 d mean concentrations including the days of vertical distribution sampling and 1 d before, are given in Table 3 . Nitrate concentration was low (generally < 0.15 µM) throughout the experiments and there were no significant differences between the layers. In 1996 there was a slight accumulation of nitrate during the third week in the HN enclosure (up to 0.21 µM). Ammonium concentrations were generally around 0.15 µM, indicating rapid uptake by the phytoplankton. Differences between the upper and deeper layers were minor and inconsistent, except in the LN enclosure during 1996, when ammonium concentrations were generally higher in the deeper layer. In both years, the initial concentration of phosphate was high (0.16 to 0.34 µM), but there was a general decreasing trend down to 0.03-0.09 µM by the end of the experiments. The difference in phosphate concentration between the upper and deeper layers was generally consistent, being higher in the deeper layer. In spite of the balanced nutrient additions (molar N:P = 16), phosphate tended always to be in excess (molar N:P generally < 7).
Response of plankton organisms
Nutrient enrichment invoked a rapid increase in the phytoplankton biomass in both years. The initial mean 0 to 12 m-integrated chl concentrations in 1996 and 1998 were 2.93 (SE ± 0.02) and 2.55 (SE ± 0.02) µg chl l -1 , respectively. By the time of the vertical profile sampling, the chl concentrations in the LN and HN enclosures had increased to 9.67 (SE ± 0.07) and 15.94 (SE ± 0.19) µg chl l -1 in 1996, and to 5.50 (SE ± 0.05) and 16.92 (SE ± 0.14) µg chl l -1 in 1998. In both years the increase in chl concentration was most pronounced during the first week of the experiment. In 1996, the phytoplankton response was mainly attributable to the dominant species Heterocapsa triquetra. In 1998, the ) at the beginning and end of the 24 h cycle in 1996 and 1998. LN: low nutrient load enclosure; HN: high nutrient load enclosure numbers of H. triquetra were low during the first half of the mesocosm experiment, but by Day 16 it dominated the micro-phytoplankton biomass. The filamentous cyanobacteria had a slower response. In 1998, both Aphanizomenon sp. and Anabaena lemmermannii became quite abundant by Day 16. In 1996, Aphanizomenon sp. had a very low biomass and could not be quantified, while A. lemmermannii was sufficiently abundant only in the LN enclosure. Mesodinium rubrum had a relatively low abundance in both years, but sufficient to be quantified reliably.
Vertical profiles of chl and phytoplankton
experiment
In the LN enclosure, the dominant species, Heterocapsa triquetra, was concentrated in the upper layers during the light period, but had a relatively uniform vertical distribution throughout the water column in the dark period (Fig. 2) . This was contrasted by the vertical distribution of Mesodinium rubrum, which was more abundant in the deeper layers, during both night and day (Fig. 2) . The profiles of Monoraphidium contortum were fairly uniform or decreased slightly with increasing depth (Fig. 2) . In contrast, Anabaena lemmermannii was never abundant in deeper layers and had a relatively consistent peak at or near the surface layer (Fig. 2) . Chl concentrations increased uniformly towards the surface, although with some fluctuations (Fig. 2) . In the HN enclosure, H. triquetra displayed a surface aggregation throughout the 24 h period, and also a deep aggregation of varying magnitude (Fig. 3) . The profiles of M. rubrum were quite similar to those in the LN enclosure, being characterized by aggregations in the middle and deeper layers and avoidance of the surface layer (Fig. 3) . The vertical profiles of M. contortum varied without any notable pattern (Fig. 3) . The shape of vertical profiles of chl (Fig. 3) followed those of the dominant species H. triquetra. In the LN enclosure, the chl profile also had a maximum at the surface during the dark period (Fig. 4) , while a deep aggregation was also clearly evident. Again, this probably reflects the deep population of H. triquetra.
Data analysis
Between-species effects First, there is relatively little overlap between the profiles of different species. Most distinctive is the separate location of the profiles of Mesodinium rubrum on the right side of the ordination planes. According to the correlation of the 6 depths with the ordination axes (sub-plot in Fig. 6 ), this side of the ordination planes was largely defined by the deep layers (6 to 12 m), consistent with the vertical distribution of M. rubrum (Figs 2 to 5) . The profiles for the cyanobacteria are on the left side of the ordination planes in Fig. 6 , relecting their relatively strong surface aggregation (Figs 2 to 5) . It is interesting that although for 1998 the filamentous cyanobacteria groups (Aphanizomenon sp. and Anabaena lemmermannii) form clusters quite close to each other on the left side of the ordination plane, there is a clear difference between the species, indicating that they shared different vertical niches. For 1996, the profiles of Heterocapsa triquetra stand apart from those of Monoraphidium contortum and chl (Fig. 6) . Note that for 1996, the group defined by chl in the HN enclosure (c2 in Fig. 6 ) is much closer to the profiles of H. triquetra. This probably reflects the high degree of dominance of H. triquetra in the HN enclosure and its strong effect on the chl profiles. For 1998, the profiles of H. triquetra overlap with the chl profiles. This , and is explained by the dominance of H. triquetra in the phytoplankton assemblage. Second, the profiles of the same species from different enclosures cluster quite closely. This indicates that the species tended to have a specific vertical distribution pattern quite independent of the nutrient loads.
Third, compared to Monoraphidium contortum and chl, the clusters of profiles of the motile species (particularly Mesodinium rubrum and Heterocapsa triquetra) have a much wider spread on the ordination plane. The spread of chl profiles in the HN enclosure for 1996 is relatively large, probably due to the strong influence of H. triquetra. This suggests that the shape of individual profiles of motile species varied much more during the course of a diel cycle, probably due to migratory behavior.
The spread of the groups along the ordination planes (Fig. 6) represents variation along the first 2 ordination axes. The overall extent of the variability in abundance of each species in both years and both nutrient load conditions (Fig. 7) gives a better representation of the relative degree of migratory activity. There was a decrease in migratory activity in the order Heterocapsa triquetra and Mesodinium rubrum to Aphanizomenon sp., Anabaena lemmermannii, Monoraphidium contortum and chl (Fig. 7) . Interestingly, the migratory activity of M. rubrum was much lower in 1996 than in 1998.
The clear separation of the vertical profile groups, as defined by species, was statistically significant in both years (5 groups, p = 0). Since the experiments in both years were carried out during a similar successional stage of the plankton community (Niemi 1973 (Niemi , 1975 and the sampling schemes were identical in both experimental years, it was possible to combine the 2 data sets and include the inter-annual variance in an analysis of vertical profiles. Randomization tests revealed that the groups defined by species only (6 groups) or species and years (10 groups) were significantly different (p = 0). This was also the case when chl, as a combined parameter for the whole phytoplankton community, was excluded from the analysis. (chl excluded for clarity) and years. The separate location of Mesodinium rubrum on the right side of the ordination plane, which corresponds to the deeper layers (see sub-panel in Fig. 8A ), is apparent. However, the distribution of M. rubrum during both years was clearly different. The profiles of filamentous cyanobacteria all cluster relatively close to the upper left part of the ordination plane in Fig. 8A , which was more influenced by the surface layers (sub-panel in Fig. 8A ).
Within-species effects
The conclusion that, when generalized over the 2 experimental years and different nutrient loads, the abundance profiles are species-specific does not automatically mean that the nutrient load and inter-annual variance were insignificant in determining the shape of the vertical distribution patterns of individual species. Below, we consider separately the data sets of 2 individual species and examine the effects of nutrient load and inter-annual variability. For 2 species (Heterocapsa triquetra and Mesodinium rubrum) and chl, four 24 h data sets from both experimental years and from enclosures with 2 different nutrient loads are available.
Heterocapsa triquetra
There was considerable overlap between the vertical profiles for Heterocapsa triquetra grouped according to year and enclosure (4 groups), and a randomization test revealed no significant difference (p = 0.1238; see also Table 4 ). However, the inter-annual variance was significant (p = 0.0145), whereas differences in nutrient load had no significant effect (p = 0.6836). The effect of nutrient load was also not significant when data from the years 1996 (p = 0.4308) or 1998 (p = 0.9575) were considered separately. A significant difference was found when the vertical profiles were grouped according to sampling time (7 groups, p = 0.0101). This means that the change in the shape of the vertical profiles of Heterocapsa triquetra was synchronized over time (cf. Figs 2 to 5). To reveal the effect of the diel cycle, a within-groups correspondence analysis was performed. This analysis removes the effect of different enclosures (i.e., both interannual variability and variability due to nutrient manipulations) and the vertical profiles are scattered with maximal variance around the axis origin (Fig. 9) . Fig. 9 shows the temporal typologies of the vertical profiles in the 4 enclosures. The first ordination axis correlates well with the depth gradient, while the second axis is strongly influenced by the 2 deeper layers in opposite directions (sub-panel in Fig. 9 ). In all but the HN enclosure in the 1996 experiment, the vertical profiles reveal a diel movement from the right side of the plane (corresponding to surface layers and light interval) to the left side (deep layers, dark interval) and back again by the next morning. In the 1996 HN enclosure, the deep aggregation of H. triquetra at 21:00 h occurred at 8 to 10 m (Fig. 3) , which differed from the usual 10 to 12 m peak (Figs 2 & 3) . This resulted in a deflection of the shape of the vertical profile to an extent that betweengroup differences (grouped according to sampling time) were not significant (p = 0.5388) in 1996. However, the effect of time on the distribution patterns of H. triquetra in 1998 was highly significant (p = 0.0001).
Mesodinium rubrum
Mesodinium rubrum had a significantly different vertical distribution (p = 0.0006) when all 4 enclosures were considered separately; most of this difference was due to the significant inter-annual variance (p = 0). Diel cycle had no significant effect whether the 2 years were combined (p = 0.1725) or considered separately (Table 4 ). The effect of nutrient load was not significant when both years were combined (p = 0.1251) or in 1996 alone (p = 0.2414), but in 1998 the nutrient load effect was quite close to being significant (p = 0.05478; 10E + 5 permutations). Filamentous cyanobacteria Fig. 8A shows that the cyanobacterial groups tended to separate from the other phytoplankton groups. Within the cyanobacteria (Fig. 8B) , the 2 species Anabaena lemmermannii and Aphanizpmenon sp. had significantly different vertical distribution patterns when the data from both years were considered (p = 0.0001) and when the data from 1998 were analyzed separately (p = 0.0007). A randomization test revealed no significant effect of the nutrient load on the vertical distribution when all the data from 1998 were analyzed (p = 0.3153), or when both species were analyzed separately (A. lemmermannii, p = 0.2023; Aphanizomenon sp., p = 0.4545). A significant inter-annual effect (p = 0.0003) was revealed for A. lemmermannii. In no case did the vertical profiles differ significantly when grouped according to sampling time (Table 4) .
DISCUSSION
The present study showed significant species-specific differences in the vertical distribution patterns of autotrophic micro-organisms in large-scale mesocosms which covered a light gradient down to <1% of surface irradiance. A highly significant inter-annual variability in vertical distribution was evident for each individual species studied. However, species-specific differences were clearly more pronounced than inter-annual variability or that caused by nutrient supply rates. These results demonstrate the vertical segregation of autotrophic micro-organisms in the water column. Vertical segregation of phytoplankton species has been documented before (Ganf & Oliver 1982 , Sommer 1982 , 1985 . However, here we have demonstrated in a formal, testable way that patterns of segregation are species-specific and robust, and are not overly sensitive to changes in environmental conditions.
A particular strategy of vertical niche separation is motility. Differences in short-term (24 h) variability in the shape of vertical distribution profiles separated the species along a motility gradient. This was exemplified by the characteristic wide scatter of the vertical profile groups of motile species on an ordination plane compared to those of non-motile species (Fig. 7) , indicating that motile species can exploit resources from a wider depth range in the water column. Vertical movements were apparent as clearly recognizable DVM (diurnal surface and nocturnal deep aggregations), as in the cases of Heterocapsa triquetra, but were not limited to DVM, as in the cases of Mesodinium rubrum and Aphanizomenon sp. The vertical separation of some species, e.g. M. rubrum, was so evident that it did not call for a formal statistical test. However, in most cases visual examination of raw profiles (Figs 2 to 5) or even representation on an ordination plane were not conclusive. Our results convincingly demonstrate a vertical separation of 2 species of filamentous cyanobacteria (Anabaena lemmermannii and Aphanizomenon sp.) that may occupy close vertical niches.
The lack of a clear nutrient manipulations effect deserves some attention. In both years there was a notable accumulation of ammonium during the first week. Thereafter the phytoplankton community was well adapted to the new nutrient regimes and efficiently assimilated the added ammonium during a 24 h 230 1998 and 1996, respectively) . At the time of the vertical profile sampling the chl-normalized ammonium load of the HN enclosure exceeded that of LN enclosure by a factor of only 1.52 (1998) or 1.59 (1996) . Although this is smaller than the differences between the absolute loads, it still suggests a considerable contrast in the apparent nutrient regimes experienced by the algae. Community-level nutrient limitation in the HN enclosures cannot be excluded, since enclosures with even higher nutrient loads also supported higher chl concentrations (data not shown).
Heterocapsa triquetra showed the clearest DVM behavior, as seen in the raw vertical profile plots (Figs 2 to 5) and the ordination plane (Fig. 9) . The consistency of this behavior over both years and nutrient loads was confirmed by a formal statistical test. In 1996, H. triquetra was already abundant in the initial phase of the experiment and increased after the nutrient additions. Interestingly, in 1998 only trace concentrations of H. triquetra were present in the initial water columm, but this species became dominant during the latter part of the experiment. Possibly part of this success could be attributed to DVM behavior.
The vertical distribution of Mesodinium rubrum was consistent with that recorded in earlier studies in the coastal Baltic Sea (Olli et al. 1998 , Olli 1999 . All the data indicate that during summer M. rubrum is relatively uniformly distributed in the upper mixed layer, or inhabits the deeper parts of the mixed layer just above the pycnocline, in contrast to its very dense and shallow surface aggregation during the vernal bloom (Olli et al. 1998 , Olli 1999 . These data suggest that in the Baltic Sea M. rubrum favors relatively lower temperatures and/or high nutrient concentrations.
Much of the variability in the light conditions within the mesocosms arose from environmental light attenuation, and not from variability in phytoplankton biomass caused by different nutrient supply rates. Supposing the chl-specific vertical attenuation coefficient of PAR for phytoplankton to have a range of 0.005 to 0.03 m 2 mg -1 chl a, the light attenuation due to algae can be calculated as a product of chl concentration and this coefficient (Kirk 1994) . The 0 to 12 m depth integrated concentration of chl varied from 2.5 to 22 µg chl l -1 , which, using a chl-specific vertical attenuation coefficient of 0.01 m 2 mg -1 chl a, would approximate light attenuation of 0.03 to 0.22 m -1 . However, the lack of correlation between chl concentration and light attenuation in the mesocosms suggests that much of the light came from the surrounding water column through the plastic walls of the mesocosms, not from above, and was controlled by the turbidity of the water masses passing the experimental site. This is very plausible given the large depth-to-diameter ratio (6.1) of the enclosures and the relatively high ratio of scattering to absorbtion in determining the light attenuation in Baltic coastal waters (Seppälä unpubl. data), and suggests that within a given year the light conditions within the LN and HN enclosures were much more similar than what could be expected from open-water phytoplankton blooms of equivalent densities.
The vertical segregation of phytoplankton populations can potentially have important consequences for inter-specific interactions, especially competition and co-existence. Migration and vertical niche separation can counteract inter-specific resource competition of planktonic micro-organisms (Angeli et al. 1995) . Based on differences in their nutrient and light preferences, phytoplankton species can inhabit and exploit different vertical niches in the water column (Ganf & Oliver 1982 , Makulla & Sommer 1993 . Several studies have analyzed light:nutrient ratios in the perspective of phytoplankton resource competition (Sommer 1988b (Sommer , 1993 (Sommer , 1994 . Could the intrinsic nature of the light gradient in aquatic habitats cause vertical heterogeneity and provide a solution to Hutchinson's (1961) challenge that the high diversity of species present in plankton is inconsistent with the assumption of competitive exclusion in the supposed uniformity of pelagic environments (known as 'the paradox of the plankton')? , 1995 developed a phytoplankton light competition model, which predicts that competition for light and nutrients is inherently different from competition for 2 or more nutrients. In a wellmixed volume of water it is not only the ratio of nutrient supply to light supply that determines the outcome of species competition, but also the absolute supply rates of light , Huisman 1999 . In a well-mixed water column with a uniform distribution of competitors, the absolute supply rate of light to the cells is equal, and consequently the vertical light gradient does not provide spatially heterogeneous conditions for phytoplankton growth . The theory of competition for light in a well-mixed habitat preserves the classical limit to species diversity -the number of resources for which competition occurs (Huisman & Weissing 1995) , and the vertical light gradient is not sufficient to solve Hutchinson's paradox of the plankton.
The phytoplankton light-competition model depends crucially on the uniform distribution of competitors, which is usually achieved by an externally imposed mixing of the water column . When this requirement is not fulfilled, as in the case of motile organisms and/or incomplete mixing, phytoplankton species become spatially differentiated, and equilibrium co-existence of several species competing for even a single resource is likely to occur .
As shown in the present study, the autotrophic species consistently inhabit different parts of the water column, probably supported by incomplete mixing and/or motility of the organisms. It should be stressed that this vertical segregation is not limited to differences in the depths of the populations' distribution maxima, but is a dynamic phenomenon, whereby an important component is variability in the distribution profiles over a diel cycle. The vertical distribution patterns of individual species could be fairly dynamic during a diel cycle, but at the same time recognizably similar over an inter-annual scale, and with variable nutrient supply rates. Consequently, the populations experience differences in both the absolute supply rates and the ratios of potentially limiting recources. Theoretically, this condition is sufficient for stable coexistence of several species competing for a limited number of resources. Strictly, it does not solve Hutchinson's paradox of the plankton which assumes homogeneity of the water column. Rather it shows that the water column is not homogeneous, at least with respect to vertical distribution of the organisms, i.e. the micro-organisms do not regard the environment as homogeneous.
Indeed, the actual vertical distribution of species in a natural water column arises from a combination of physical mixing and motility as the organisms seek an optimal compromise between light-and nutrient-limitation. Phytoplankton which sink, float or maintain their swimming movements are liable to be re-distributed throughout the depth of the turbulent layer. The extent to which they are redispersed within it depends upon the magnitude of the ratio between the average vertical turbulent velocity fluctuation and the vertical velocity of the cell movement (Reynolds 1997) . Humphries & Imberger (cited in Reynolds 1997) showed that a ratio of about 15 was required to maintain mixed-layer populations in approximately uniform suspension. Clearly, in natural systems, turbulent velocity is extremely variable in time and space, depending on the energy of the mechanical forcing and the speed of its dissipation through the eddy spectrum. In the simplest model of open water of infinite depth and horizontal expanse and lacking any density stratification and subject to wind stress of constant velocity and direction, a sufficiently robust estimate of turbulent velocity can be calculated from windspeed in the range of 5 to 20 m s -1 by multiplying with a coefficient of 1.25 × 10 -3 (Reynolds 1997 would be needed for turbulent diffusion to dominate the motile particle distribution. Although such wind speed is not unnatural, the usual wind speeds in the coastal Baltic are lower. However, most of the deep (>10 m depth) basins of the temperate-cold zone are stratified during the productive period of spring to late autumn (Sorokin 1999) ; this counteracts wind-forced mixing. After a deep mixing has occurred, only 1 d is necessary to restore thermal stratification in summer (Olli 1999) . Studies from the open coastal waters also revealed a consistent vertical segregation of phytoplankton populations (Olli et al. 1998 , Olli 1999 , and support the conclusions of this study that vertical segregation is a robust, species-specific property. In summary, the experimental data suggest that the patterns of vertical segregation of phytoplankton in the water column are species-specific and robust. They appear to be persistent biological phenomena, not overly sensitive to changing environmental conditions or accidents of hydrodynamics or sampling procedures. The vertical niche separation of phototrophic micro-organisms is expressed as (1) systematic differences between the vertical distribution of individual species along the depth gradient, and (2) interspecific differences in migratory activity. The latter can be in the form of recognizable DVM or high variability in the shape of vertical abundance profiles with no clear links to diel rhythm. These conclusions have potential implications for species competition, co-existence, and diversity. roles of carbohydrate metabolism and behavioural flexi-
